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ABSTRACT
Using photoconductance spectroscopy, we have studied the influence of different types of thermal annealing on epitaxial ZnO thin films
where band bending effects play a major role. Once the film is exposed to ambient air conditions after a simple thermal annealing in
oxygen at 600 C, the effective energy gap is stable with a value of ≃ 3:15 eV, while after a corresponding annealing in vacuum and
subsequent air exposure, it starts at ≃ 3:24 eV, and then it evolves along the days until it reaches the bulk energy gap value of ZnO. By
means of valence band x-ray photoemission spectroscopy (XPS), we have confirmed that these phenomena are related via the
Franz–Keldysh effect to a downward band bending in the former case and a time dependent upward band bending in the latter one that
slowly tends to a flat band condition, tracking the behavior observed in the effective energy gap. Core level XPS measurements suggest that
for each type of thermal annealing, a different adsorption kinetics of water and hydrogen take place.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0010329
I. INTRODUCTION
ZnO is an earth abundant wide bandgap semiconductor with
a large exciton binding energy, which makes it a suitable candidate
for the next generation of transparent optoelectronics devices.1–3 In
particular, its polar surfaces perpendicular to the c-axis [(0001)
O-polar and (0001) Zn-polar] try to reconstruct, dissociate water,
and adsorb the resulting hydrogen or accumulate free carriers from
the bulk in order to become stable,4–7 which are very appealing
properties for catalysis or gas sensing.8–10 Since these effects influ-
ence the amount of accumulated charge on the surface, they can
dramatically affect the band bending over a distance of tens of
nanometers.11,12 This has triggered intensive research during the
last years with the aim of tuning the band bending properties of
ZnO single crystals.5,13,14 On the other hand, the improvement of
thin films fabrication techniques in the last two decades15 offers an
opportunity to study the band bending in nano-structures where
these effects are expected to be enhanced16 and have an impact not
only on surface photoemission techniques5,13,14,17 but also on other
properties like optical absorption or photoconductivity.18
In this work, we confirm that photoconductivity spectra are
dramatically affected in the case of high quality ZnO thin films.
From these results, the effective energy gap, EG, can be extracted,
which is an opto-electronic gap defined by the band to band transi-
tion of the conducting photoelectrons, see the sketch of Fig. 1(a).
EG was tuned by means of simple thermal annealing in oxygen
or vacuum atmospheres. After the annealing treatments, the film is
exposed to ambient air conditions, EG can rapidly reach a stable
value or can evolve along several days (until a saturation value
is attained) depending on the type of thermal annealing.
Furthermore, the photoconductivity measurements were comple-
mented by valence band x-ray photoelectron spectroscopy (valence
band XPS). The results confirm that changes in the band bending
produced by a combination of different adsorption kinetics and
bulk carrier concentrations are responsible for the observed aging
effects.
II. EXPERIMENTAL
ZnO films were grown by pulsed laser deposition (PLD) on
(0001) sapphire substrates (dimensions: 5 5 0:5 mm3) at 550 C
with an oxygen pressure of 0:05 mTorr, see details elsewhere.18 The
resulting films grew epitaxially in the [0001] direction18 with thick-
ness values around t ≃ 54 nm. The results were similar for all the
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films studied. Two types of post-growth annealing at 600C during
1 h were performed in these films: one of them using a base pressure
of  1 106 Torr (labeled as TA-Vac) and the other one with an
oxygen pressure of 100 Torr (labeled as TA-O2). After each thermal
annealing, the films were exposed to air under ambient conditions
and monitored day by day using photoconductance spectroscopy
measurements at room temperature as described elsewhere.18 This
tracing was complemented by core level and valence band x-ray pho-
toelectron spectroscopy measurements5 using an incident energy of
hν ¼ 1486:6 eV. In the latter study, after air exposure of the sample,
the film had to be placed in a UHV chamber (base pressure
 1010 Torr) in order to take a XPS spectrum. Then, it was
removed from the chamber and again exposed to air before taking a
new spectrum. Photoelectrons were detected using a Specs Phoibos
150 hemispherical electron energy analyzer with the detector axis
located in a position normal to the film surface. All our facilities are
located in a room with controlled temperature and humidity. The
relative humidity ranges between 35% and 40% and the temperature
between 21 and 23 C.
III. RESULTS AND DISCUSSION
Figure 1 shows the effects of the thermal annealing in oxygen
(panel a) and vacuum (panel b) on photoconductivity spectra,
defined as PC ¼ (σ  σdark)=σdark, after exposing the sample to air.
At first sight, it can be observed that the energy onset of the TA-O2
spectra is shifted to lower energies compared to the one in TA-Vac.
Besides, while the TA-O2 spectra barely change throughout
the days, the TA-Vac’s ones evolve with time. Since in a first
approximation, PC is proportional to the optical absorption
coefficient18 and considering that ZnO has a direct energy gap
(EbulkG ≃ 3:3 eV),19 the linear relation PC2 / E  EG should be sat-
isfied in a certain range of energies above the energy onset,20 see
the inset of Fig. 1. From these fittings, the effective energy gap
EG of the film can be extracted and monitored after each type
of thermal annealing and their subsequent exposition to air
[see Fig. 2(a)]. In this figure, an alternated sequence of the two
types of thermal annealing on the same film is presented. As it can
be observed, after a thermal annealing in oxygen (whose first mea-
surement after air exposure is labeled as O) EG remains at a value
of ≃ 3:15 eV (this occurs for both O1 and O2 within the
FIG. 2. (a) EG values as a function of time after air exposure during an alter-
nate sequence of thermal annealing performed in the same sample. Labels O1
and O2 indicate the first measurement performed after the first and second
thermal annealing in oxygen, respectively. Labels V1 and V2 indicate the first
measurement performed after the first and second thermal annealing in
vacuum, respectively. The PC spectra after a day of air exposition (day 0) for
O2 and V2 are presented in (b) and (c), respectively. Their corresponding fit-
tings using the Dow and Redfield expression are also shown (red curves).
FIG. 1. PC2 spectra monitored over days after air exposure for TA-O2 (a) and
TA-Vac (b). The corresponding inset shows the linear fittings (red lines) of these
curves after the first day of air exposure (day 0) and also after 20 days of air
exposure in the case of TA-Vac [see the inset of panel (b)]. The sketch in panel
(a) illustrates the Franz–Keldysh effect and the effective energy gap, EG.
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experimental error). On the other hand, after a thermal annealing
in vacuum (whose first measurement after air exposure is labeled as
V), EG starts with a value of ≃ 3:24 eV (which is the same value
for both V1 and V2 within the experimental error), and then it
slowly increases during the days until it reaches a saturation value
close to EbulkG .
On the other hand, after a TA-O2, the conductivity in dark
of the film is σO2dark ¼ 51:43Ω1m1, while after TA-Vac,
σVacdark ¼ 156:57Ω1m1. This is a plausible result considering that
a TA-Vac generates donor oxygen vacancies in the ZnO film that
increases its electrical conductivity. These results confirm previous
studies that suggest that oxygen vacancies are responsible for the
n-type conductivity in ZnO.21,22 This has been an issue of long
debate during the last years since many reports23,24 predict a
neutral character of oxygen vacancies in this material.
The fact that these energy gap values are lower compared to
the bulk one is related to a strong influence of band bending along
the film thickness direction.11 The typical width of an upward
band bending in ZnO is around d  70 nm,25,26 which is similar to
our film thickness value. This band bending allows Airy wave func-
tions of electrons and holes to penetrate in the forbidden energy
region below the minimum of the conduction band (CB) and
above the maximum of the valence band (VB), leading in this way
to a reduction of the effective energy gap value compared to the
bulk one. Besides, it also produces a shift of the optical absorption
onset toward lower energies, known as the Franz–Keldysh
effect,27,28 see the sketch of Fig. 1(a). The higher the band bending,
the higher the shift of the onset and the lower the effective energy
gap. In this situation, the absorption spectra (and hence the PC
spectra) can be fitted in an energy region very close to the
onset16,18 using a model proposed by Dow and Redfield that con-
siders the presence of a uniform electric field and it includes the
effects of excitonic transitions.29 In this model, PC  eE=ΔE , where
ΔE takes into account the energy gap reduction, and it measures
the strength of the electric field that generates the band
bending.16,18 Typical fittings of the PC spectra using this expression
are presented in Figs. 2(b) and 2(c). In the case of oxygen anneal-
ing, ΔE ≃ 0:15 eV, while a day after the thermal annealing in
vacuum ΔE ≃ 0:06 eV, in agreement with the corresponding differ-
ences between EG [Fig. 2(a)] and EbulkG . These results suggest that
the band bending effect is stronger in the case of the thermal
annealing in oxygen, whereas for the thermal annealing in vacuum,
the band bending slowly decreases throughout the days until a flat-
band condition is reached.
A similar tracing after each type of annealing was performed
using valence band XPS measurements [see Fig. 3(a)]. This tech-
nique allows us to extract the band bending values as follows. In
each spectrum, the energy difference between the maximum of the
VB and the Fermi level EF , (ζ ¼ EV  EF), was extracted from the
intersection of two linear fits [see Fig. 3(a)].5,14 Then, the band
bending VBB can be obtained as
5 VBB ¼ EbulkG  ζ  ξ, where
ξ ¼ EC  EF ¼ (kBT=q) ln (Nc=n) with Nc being the CB
effective density of states (Nc ¼ 2:94 1018 cm3 for ZnO), n
the carrier density obtained from Hall effect measurements
in the film,30,31 and EC the minimum of the CB. In the
case of TA-Vac, nVac ¼ 2:57 1017 cm3, while for TA-O2,
nO2 ¼ 8:46 1016 cm3. Figure 3(b) shows the extracted VBB
values of the film over the days after each type of thermal annealing
and the subsequent air exposure. As it can be observed, the abso-
lute values of VBB for TA-O2 are higher than the ones for TA-Vac,
confirming the results obtained for the effective energy gap EG in
Fig. 2(a). Besides, the VBB values for TA-O2 and TA-Vac have
opposite sign corresponding to an accumulation layer in the former
case and a depletion layer in the latter5,11,32 (see Fig. 4). More
important, for TA-Vac, the upward band bending starts at a value
of VBB ¼ þ0:17 eV after air exposure, and then it slowly decreases
along the days toward a condition of flatband in accordance with
the increase of EG toward EbulkG [see Figs. 2(a) and 3(b)].
In the case of an upward band bending, free electrons are
attracted to the surface and this negative charge is compensated by
an equivalent amount of ionized donor centers in the bulk, which
are positively charged (mainly oxygen vacancies in our ZnO film,
FIG. 3. (a) Valence band XPS spectra recorded throughout the days after air
exposure in the case of TA-Vac. From the intersection of the two linear fits (red
lines), ζ ¼ EV  EF can be obtained. The spectra are shifted for clarity. (b)
Extracted VBB values as a function of time for each type of thermal annealing
(blue circles, left axis) and the time dependence of EG extracted from Fig. 2(a)
(black squares, right axis). The aging effect observed after TA-Vac was quanti-
fied using an exponential fit (red curve).
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with density Nd)
11,33,34 [see Figs. 4(a) and 4(b)]. Particularly, in
O-polar terminated ZnO surfaces (like in most of the ZnO films
fabricated by PLD35), free electrons move toward the surface in
order to occupy dangling oxygen bonds on it.5,6,36 If the sample
is exposed to air under ambient conditions, it is known that
molecular water5,37 or hydrogen (emerging from the water dissocia-
tion on its surface5,14,38) can be adsorbed competing with the free
electrons of the bulk for the occupation of dangling oxygen
bonds.4–6,14,32,38 As a consequence, positive charge (with a surface
density nsup) will start to be added to the surface decreasing
the upward band bending contribution due to free carriers [modifi-
cations along the days are represented in Figs. 4(a) and 4(b)].
For TA-Vac, nsupVac can be estimated from the expression:
11
Nd  (nsupVac=dVac) ¼ 2εr ε0 VBB=e2 d2Vac, where the width of the
depletion region is assumed to have the value of the film thickness,
dVac ¼ t ≃ 54 nm, ε0 is the vacuum permittivity and εr is the
relative dielectric constant of ZnO.19 Additionally, we approximate
Nd ≃ nVac. Just after air exposure, VBB ¼ þ0:17 eV and, hence,
nsupVac ≃ 1:1 1012 cm2, while at day 9 (≃ 7:7 105 s)
VBB ¼ þ0:06 eV and nsupVac ≃ 1:28 1012 cm2. This means a 15%
enhancement of the surface protonization throughout the days.
On the other hand, after TA-O2, the concentration of oxygen
vacancies is reduced and, therefore, the free electron densities too.
In this situation, after air exposure the protonization of the surface
will be a dominant contribution and a downward band bending
will be established [see Fig. 4(c)]. This positive surface charge
density, nsupO2 , is compensated by an equivalent amount of negative
charge accumulated in a region of width dO2 , being free electrons
donated by the adsorbed species (e.g., chemisorbed hydrogens).32,39
In a first approximation, nsupO2 can be estimated as
11
nsupO2 =dO2 ≃ 2εr ε0 VBB=e2 d2O2 , where we have taken an upper limit
of  35 nm for dO2 in accordance with the typical accumulation
widths in ZnO.32 Using VBB ¼ 0:33 eV from Fig. 3(b), it results
in a value of nsupO2 ≃ 8:5 1011 cm2 and hence in a ratio
nsupVac=n
sup
O2 ≃ 1:3, when it is compared with the initial protonization
after TA-Vac.
In order to monitor the presence of adsorbed species in the
film surface, O 1s core level XPS spectra were recorded once the
film was exposed to air after each type of thermal annealing. A
typical spectrum is shown in Fig. 5(a). As it can be observed, the
spectra were well fitted using three pseudo-Voigt functions after
subtraction of a linear background. The full width at half
maximum and the energetic separation of the three components
were constrained during the fitting. The main component comes
from bulk oxygen emission (O atoms coordinated to their four
nearest Zn atoms neighbors). The other two components may
FIG. 4. Energy band diagram. (a) Early days of air exposure after TA-Vac. On
the one hand, negative charge (free carriers) displace toward the surface trying
to establish an upward band bending. This charge is compensated by the posi-
tive charge of ionized donor centers. On the other hand, since the film was
exposed to air, the positive charge can be adsorbed on the film surface
decreasing the upward band bending contribution of the free carriers. (b) After
several days of air exposure, more positive charge was adsorbed on the film
surface resulting in an even lower band bending. (c) When the film is exposed
to air after TA-O2, the positive charge on the surface due to adsorbed species
is dominant (since the amount of negative free carriers after TA-O2 is reduced),
resulting in a downward band bending.
FIG. 5. (a) Typical O 1s core level XPS spectrum of the film after the annealing
in vacuum and the subsequent air exposure during one day. The spectrum was
well fitted using three components after linear background subtraction. (b)
Relative peak area of each component throughout the days after TA-O2 or
TA-Vac was carried out on the film.
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come from surface atomic under-coordination.40 Previous core
level XPS studies in ZnO4,5,13 propose that the second component
(shifted to higher binding energy by  1:4 eV) is due to surface
oxygen atoms coordinated to three Zn atoms and a surface termi-
nating species. In the case of an O-polar surface, this species is
known to be a hydrogen atom forming a hydroxyl (OH) group
with a surface oxygen of the film.4–6,14 These XPS studies4,5,13 also
suggest that the third component (around  533:5 eV) is associ-
ated with molecular water adsorbed either on the film surface or on
top of these hydroxyl groups.37,41 In the present work we follow
this assignment of the XPS peaks, where the corresponding peak
areas of the OH and H2O components are labeled as AOH and
AH2O respectively.
Figure 5(b) shows the relative peak areas of the OH and H2O
components (denoted as AOH=ATotal and AH2O=ATotal respectively)
along the days after TA-O2 and TA-Vac. As it can be observed, the
initial surface protonization in TA-Vac (quantified by
(AOH þ AH2O)=ATotal) is higher than the one in TA-O2 by a factor
≃ 1:2 in close agreement with the ratio nsupVac=nsupO2 ≃ 1:3 obtained
from the previous band bending analysis. On the other hand, the
increase of the surface protonization along the days (once the film
was exposed to air after TA-Vac) is mainly due to an increase of
molecular water, being this increment of around  6% at day 9
(≃ 7:7 105 s) [see Fig. 5(b)].
Finally, the adsorption kinetics of these processes has been
studied using the time dependent fraction of occupied surface
sites,42 θ(t) ≃ 1 et=τ , where the relaxation time τ is connected
with the activation energy for adsorption via Ea ¼ kBT ln (ν τ),




. S0 represents the trapping proba-
bility, nsupmax the maximum surface density of adsorbed particles, P is
the partial pressure of this gas of particles and m the mass of one
of them. In the case of TA-Vac, τ can be extracted from an expo-
nential fit to the data of Fig. 3(b) if a correlation between EG(t) and
θ(t) is assumed, resulting in a value of τ ≃ 3:9 105 s (approxi-
mately 4.5 days). Besides, nsupmax can be obtained from the band
bending expression assuming that VBB ¼ 0. It results in
nsupmax ≃ Nd dVac ≃ nVac dVac ≃ 1:3 1012 cm2. Taking S0 ≃ 0:8 for
water in O-polar ZnO surface,38 P ≃ 24 Torr as the partial water
vapor pressure at normal conditions and m ≃ 2:98 1026 kg as
the mass of a water molecule, we obtain an activation energy of
Ea ≃ 0:9 eV. This high value of Ea strongly suggests that a chemi-
sorption process plays a relevant role on this aging effect43 (e.g.,
adsorption of hydrogen due to water dissociation5,14,38). Although
this aging effect could not be observed in the case of TA-O2, we
propose the following hypothesis: It is plausible that the aging
effect is also occurring in TA-O2 with relaxation times of less than
1 day, which is the minimum time step employed in our experi-
ments. This would involve activation energies that are a fraction of
the value found for TA-Vac and, therefore, a surface with greater
avidity for adsorbed species (or equivalently with deeper binding
energy levels, EB), see the sketch of Fig. 6(a). In ZnO, it is known
that adsorbed species like hydrogen generate shallow donor levels
close to the surface.32,44 These electrons donated by these adsorbed
hydrogens balance the excess of positive charge on the surface.
These hydrogen levels can be represented by unperturbed molecu-
lar orbitals (the highest occupied one being labeled as EHOMO)
and in terms of them the resulting bonding states EB can be
written as:45








where E0B (with E
0
B , 0) represents the main contribution to EB
without including effects due to oxygen vacancies. We assume that
this term is more or less the same for both types of treatments. EVOi
is the energy of the ith level produced by oxygen vacancies in the
film33,34 and Ni is the total number of levels that share the same
energy value EVOi [see Fig. 6(b)]. jUVOH,i j2 are interaction matrix
elements between these levels and EHOMO. While E0B contributes
negatively to EB, the summation (where oxygen vacancies levels
intervene) provides a positive contribution counterbalancing a bit
the effect of E0B and reducing in this way the depth of EB
[see Fig. 6(b)]. Since during TA-Vac a higher density of levels (due
to oxygen vacancies) is generated compared to TA-O2, the former
annealing will provide an increased contribution to the summation
in Eq. (1), reducing in this way the depth of EB compared with
TA-O2, see Figs. 6(a) and 6(b).
IV. CONCLUSION
ZnO thin films provide a platform to study enhanced band
bending effects since the typical band bending width is similar to
the film thickness value. In this way, parameters like the effective
energy gap become very sensitive to modifications of the band
bending properties due to the Franz–Keldysh effect. In the present
work, we have studied how simple thermal annealing (in oxygen or
FIG. 6. (a) Qualitative shape of the adsorption potential as a function of the dis-
tance of the adsorbed species from the solid surface. After air exposure, the
film annealed in oxygen presents a deeper bonding energy EB (and a lower acti-
vation energy Ea) than the one annealed in vacuum. The corresponding values
of Ea depend on the intersection of these curves with the physisorption potential
(blue curve).43 (b) Energy levels in the case of TA-Vac (left panel) and TA-O2
(right panel). A higher density of levels with energies EVOi (due to oxygen
vacancies) is generated in the case of TA-Vac, leading to an increased contribu-
tion to the second term of Eq. (1) compared with TA-O2.
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vacuum) can affect the surface adsorption properties and the
carrier concentration of a ZnO film, as detected by core level XPS
and electrical transport measurements, respectively. As a conse-
quence, band bending properties can be modified (as valence band
XPS spectra show) resulting in an initial upward band bending that
slowly tends to a flatband condition after a vacuum annealing and
a stable downward band bending value in the case of oxygen
annealing. These valence band XPS findings are in accordance with
the behavior of the effective energy gap extracted using a different
technique, that is, photoconductance spectroscopy. More impor-
tant, after a vacuum annealing and the subsequent air exposure, EG
evolves in time toward the EbulkG value for couple of days, tracking
the behavior of the band bending toward a flatband condition. This
combination of complementary techniques is very appealing not
only because photoconductivity is a key optoelectronic property
but also because we have been able to monitor aging effects on the
band bending and hence in EG with the importance that it repre-
sents for researchers who want to design optoeletronic devices
based on ZnO nano-structures. Finally, it is worth to mention that
our route of tuning the effective energy gap (that we call optoelec-
tronic gap) of ZnO thin films via the Franz–Keldysh effect differs
from other studies where the bandgap is indeed modified by skin
quantum entrapment based on the bond-order-length-strength
(BOLS) correlation mechanism.46
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